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ABSTRACT
Dust particles play a major role in the formation, evolution and chemistry of interstel-
lar clouds, stars and planetary systems. Commonly identified forms include amorphous
and crystalline carbon-rich particles and silicates. Also present in many astrophysical
environments are polycyclic aromatic hydrocarbons (PAHs), detected through their
infrared emission, and which are essentially small flakes of graphene. Astronomical ob-
servations over the past four decades have revealed a widespread unassigned ‘Extended
Red Emission’ (ERE) feature which is attributed to luminescence of dust grains. Nu-
merous potential carriers for ERE have been proposed but none has gained general
acceptance. In this Letter it is shown that there is a strong similarity between labo-
ratory optical emission spectra of graphene oxide and ERE, leading to this proposal
that emission from graphene oxide nanoparticles is the origin of ERE and that these
are a significant component of interstellar dust. The proposal is supported by infrared
emission features detected by the Infrared Space Observatory (ISO) and the Spitzer
Space Telescope.
Key words: astrochemistry – dust, extinction - methods: laboratory - stars: individ-
ual (Red Rectangle, HD 44179) - techniques: spectroscopic
1 INTRODUCTION
1.1 Background
Extended Red Emission (ERE) is a broad emission fea-
ture noted over forty years ago by Cohen et al. (1975) in a
spectrophotometric study of the Red Rectangle – a mixed-
chemistry object which comprises a binary star, HD 44179,
an oxygen-rich circumstellar disk, and an extended bicon-
ical carbon-rich nebula from which ERE emanates. It has
since been detected in a very wide range of Galactic and
extragalactic sources (Witt 2014; Lai et al. 2017). These in-
clude reflection nebulae, planetary nebulae, novae, H ii re-
gions, high-latitude galactic cirrus clouds, the diffuse galac-
tic medium and external galaxies - see Witt & Schild (1988);
Witt & Boroson (1990); Scott et al. (1994); Szomoru &
Guhathakurta (1998); Smith & Witt (2002); Rhee et al.
(2007); Berne´ et al. (2008); Witt et al. (2008). ERE varies in
peak wavelength (600-850 nm) and width (60-120 nm) both
within and between objects.
Numerous carriers for ERE have been proposed but
none of these is widely accepted. Proposals and carrier mod-
els published up to 2017 are discussed in Lai et al. (2017);
these include hydrogenated amorphous carbon (HAC), poly-
cyclic aromatic hydrocarbon (PAH) molecules, quenched
carbon composite (QCC), C60, carbon clusters, silicon and
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silicate nanoparticles, biofluorescence, magnesium silicate,
nanodiamonds, PAH di-cations, and dimer cations, with hy-
drogen recently added (Holmlid 2018). ERE-like lumines-
cence has also been detected in interplanetary dust parti-
cles and carbonaceous chondrites (Allamandola et al. 1987;
Wopenka 1988; Quirico et al. 2005).
In this Letter oxidised graphene nanoparticles, small
graphene oxide (GO) grains, are proposed as the ERE carrier
based on comparison of laboratory photoluminescence (PL)
of graphene oxide with ERE, and similarity in the spatial
distribution of ERE and IR emission from chemical groups
expected to be present in astronomical GO.
1.2 ERE Carrier Characteristics
A wide range of molecules and materials give rise to lumi-
nescence at red/near-IR wavelengths and, given the wave-
length variation and breadth of the ERE feature, assign-
ment of the carrier on these data alone presents a challenge.
However, detailed studies have produced some general con-
straints (Witt & Vijh 2004; Witt 2014; Lai et al. 2017).
ERE is observed from carbon-rich but not oxygen-rich neb-
ulae (Furton & Witt 1990; Furton & Witt 1992), strongly
suggesting that the element carbon is involved; ERE is also
seen in mixed-chemistry carbon-oxygen sources such as the
Red Rectangle. Characteristics to be satisfied by proposed
carriers include: an ERE peak wavelength – width relation-
ship and a lack of ERE when the exciting star has Te f f
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Figure 1. PL spectra of GO produced by an oxygen plasma
treatment of graphene and excited by laser radiation at 473 nm.
Spectra for three irradiated positions (Pos 1, 2 and 3) on the GO
sample are shown. Reprinted with permission from Gokus et al.
(2009). Copyright 2009 American Chemical Society.
< 10,000 K as described by Darbon et al. (1999), a lower
limit on the estimated photon (not energy) conversion effi-
ciency of about 10% for excitation in the visible-to-far-UV
range (Gordon et al. 1998), and a requirement for photons
with wavelengths short of 118 nm for ERE excitation in
NGC 7023 (Witt et al. 2006). It is likely significant that
a ubiquitous feature of many ERE-emitting sources is aro-
matic infrared band (AIB) emission from PAHs which is also
induced by UV/vis excitation - see reviews by Tielens (2008,
2013). However, the spatial distribution of ERE- and PAH-
emitting regions is not identical from which it is inferred that
there is not a direct one-to-one chemical correspondence be-
tween ERE carriers and PAHs in general (Witt 2014). Lai
et al. (2017) have discussed likely photophysical mechanisms
giving rise to the ERE emission.
2 GO NANOPARTICLES AND ERE
Pristine graphene is a single-layer planar network of six-
membered carbon rings in an sp2 bonding framework. It
does not possess an optical band gap, the first electronic
transition lying in the far-ultraviolet arising from a pi∗ −
pi transition. However, exposure of graphene to an oxygen
plasma leads to incorporation of oxygen, forming graphene
oxide which does have an optical band gap. Gokus et al.
(2009) have shown that laser irradiation of GO generated
in this way results in photoluminescence (PL) in the visible
spectral range (Figure 1) where spectra for three spatially
separate positions on the GO sample are shown with peak
wavelengths of 630-660 nm. The spectra for Pos 1 and 2
on the oxidised graphene surface are almost identical and
for Pos 3 the PL was bleached intentionally by using intense
laser irradiation (Gokus et al. 2009). The PL was assigned as
due to CO-related localised electronic states at the oxidation
sites (Gokus et al. 2009). In an alternative approach yielding
broadly similar results, Luo et al. (2009a) started with as-
synthesised GO (Luo et al. 2009b) and explored laser-excited
PL spectra of solid and aqueous GO as the samples were
progressively reduced with hydrazine.
Figure 2 shows ERE in the Red Rectangle 6′′ and 10′′
South of the central star HD 44179 (Witt & Boroson 1990).
ERE exhibits variation in peak wavelength and width both
within the Red Rectangle, and also between objects; this is
Figure 2. ERE in the Red Rectangle nebula 6′′ and 10′′ south
of HD 44179. The figures in parentheses are the ratio of ERE to
scattered light. Reproduced with permission from Witt & Boroson
(1990). The wavelength dispersion in figs 1 and 2 on the page is
the same.
illustrated for a wider set of targets in fig. 7 of Ledoux et al.
(2001). The peak wavelength and FWHM for the laboratory
PL of GO (figure 1) and the Red Rectangle ERE (figure 2) at
6′′ are very similar, indicating that GO is a good candidate
as the ERE carrier.
Laboratory samples of GO are generally produced by
exfoliation of graphite oxide using methods such as the mod-
ified Hummers method in which four main oxygen-bearing
sites are found – carbonyl (>C=O), epoxide (–O–), car-
boxylic acid (–COOH) and hydroxyl (–OH) groups, not all
of which may be of astronomical relevance. Sites for these
groups are illustrated schematically in figure 3. The chemi-
cal structure of GO is a matter of ongoing discussion with
a number of models proposed - for a summary see Dreyer
et al. (2010); Zhao et al. (2015). In experiments by Cuong
et al. (2011) thermal reduction at 700◦C resulted in removal
of many oxygen-containing groups illustrated in figure 3, but
with carbonyl groups being persistent. Li et al. (2012) have
found that GO samples with high levels of carbonyl groups
produce PL with the best spectral match to ERE. A second
luminescence feature of GO is commonly seen near 400 nm.
This ‘blue luminescence’ is due to transitions involving con-
fined sp2 bonded ‘aromatic’ regions (Chien et al. 2012; Yuan
et al. 2019); the possible astrophysical relevance of this will
be discussed elsewhere.
An important question, addressed in the following sec-
tion, is whether there is evidence from astronomical obser-
vations for IR emission at wavelengths consistent with IR
laboratory absorption spectra of GO due to these chemical
groups, and whether the spatial distributions of ERE and
oxygen-related IR emission features in astronomical objects
are similar.
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thermalized, possibly due to a strong carrier localization
effect. Our interesting observation suggests that the optical
emission from the reduced GO may result from the recombi-
nation of electron-hole pairs in localized electronic states
originating from various structure-related defects, rather than
from band-edge transitions as is the case in typical semicon-
ductor materials. In addition, at room temperature (300 K),
the peak of the CRG film is located at a lower wavelength
than that of the TRG film. A possible explanation would be
that TRG has a larger sp2 domain than CRG, resulting in a
smaller bandgap due to a relatively weak carrier confine-
ment. The PL results in Fig. 1 reveal that the shape and shift
of PL emission peak depend largely on reduction type.
Accordingly, the bandgap of the reduced GO can be tuned
by varying sp2 domain size or by introducing various func-
tional groups.
The model structures of GO, CRG, and TRG are ske-
matically illustrated in Fig. 2, which is based on the theoreti-
cal work by Gao et al.9 It is known that there exist four kinds
of oxygen functionalities in GO (Lerf-Klinowski model):
epoxide (-O-) and hydroxyl (-OH) located in the basal plane
of GO are the major components and carbonyl (-C¼O) and
carboxyl (-COOH) distributed at the edges of GO are minor.
A noticeable difference between hydrazine and thermal
reductions are as follows: In the case of hydrazine reduction,
nitrogen functionalities are formed such as aminoaziridine
and hydrazone, which may be responsible for a strong local-
ization of carriers due to the incorporation of nitrogen. In the
case of thermal reduction at a high temperature of 700 C,
hydroxyl groups attached to the interior and edge of an aro-
matic domain are almost eliminated from GO. Thus, the
TRG film reduced at high temperature may have larger gra-
phitic crystallite size, i.e., larger sp2 domain size, than the
CRG film. The ratio of the D peak intensity to the G peak in-
tensity (ID/IG) in the Raman spectra is known to vary inver-
sely with in-plane graphitic crystallite size (La) which is
given as La¼ 4.4 (IG/ID).10,11 Our previous work revealed
that the ID/IG ratio of TRG (1.41) was smaller than that of
CRG (1.48),12 indicating that the sp2 domain size of TRG
(3.12 nm) is larger than that of CRG (2.97 nm). From the PL
spectra taken at room temperature in Fig. 1, the optical gap
of the TRG sample (1.99 eV) was found to be lower than
that of the CRG sample (2.23 eV). Our results confirm that a
larger sp2 domain results in a smaller optical gap. An XPS
analysis below was performed to verify the PL and Raman
interpretations.
FIG. 1. (Color online) PL spectra taken at tempera-
tures from 10 K to 300 K for (a) CRG and (b) TRG.
FIG. 2. (Color online) Schematic illustration of the
structures of GO, CRG, and TRG.
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Figure 3. Schematic illustration of GO showing sites of oxygen-
containing groups in as-produced (modified Hummers method)
GO (Cuong et al. 2011). Hydrogen atoms (C-H) are omitted for
clarity. The representation is based on theoretical work by Gao
et al. (2010) and is reprinted from Cuong et al. (2011), with the
permission of AIP Publishing.
3 INFRARED SIGNATURES
The carbonyl C=O stretch transition is seen in laboratory
absorption spectra of GO with a low level of oxidation (Kr-
ishnamoorthy et al. 2013). ISO spectra of the Red Rect-
angle have an emission feature at 6.0 µm which is consid-
ered to be likely due to a C=O stretch of a quinone-type
PAH (Peeters et al. 2002). The ISO spectra are for a 14′′
x 20′′ exposure so direct comparison with the established
bipolar-shaped ERE distribution is unfortunately not pos-
sible. Hsia et al. (2016) have collated data for 20 sources
which exhibit the 6.0 µm feature, eight of which are clas-
sified as mixed-chemistry objects. An alternative origin in
olefinic double-bond functional groups was suggested (Hsia
et al. 2016). However, taking gas-phase absorption data from
Wallace (2019), carbonyl-containing molecules with one (1)
or more (2, 3) aromatic rings - p-benzoquinone (1), 1,4
napthaquinone (2), anthrone (3) and anthraquinone (3) have
expected peak emission wavelengths at 6.01, 5.99, 5.99 and
5.98 µm, where the commonly invoked 15 cm−1 redward shift
from absorption to astronomical emission has been invoked
as discussed by Bauschlicher et al. (2009). From this it is de-
duced that attribution of the 6.0 µm astrophysical emission
band to the C=O stretch of oxygenated PAHs is supported
by laboratory data.
In ISO spectra of a number of sources, Peeters et al.
(2002) found that the 6.0 µm band appears not to be cor-
related with the nearby carbon-carbon stretching band at
6.2 µm and this is confirmed by Spitzer data for NGC 2023
where the G6.01 and 6.2 distributions do not match (Peeters
et al. 2017). Within the SL FOV for the Southerly Spitzer
observations of NGC 2023 (Peeters et al. 2017), the G6.0
feature peaks along the S ridge which differs greatly from
the 6.2, 7.7 and 8.6 µm AIBs, and while it shares in part
the distribution of the 11.2 µm feature due to neutral PAHs,
its distribution is closest to the 8 µm ‘bump’ as presented
by Peeters et al. (2017). The G6.0 distribution also has
much in common with the 5-10 µm and 10-15 µm plots,
1 G refers to a Gaussian decomposition
the 14.7 µm continuum associated with Very Small Grains
(VSGs), and with molecular hydrogen S(2) and S(3) emis-
sion as seen earlier in studies of 1-0 S(1) and other highly
excited H2 lines which depend on UV excitation (McCartney
et al. 1999). Taking the PAH and continuum Spitzer data
across NGC 2023, Peeters et al. (2017) comment that the
6.0 µm PAH emission ‘seems to be somewhat unique’, and a
‘unique’ spatial distribution is also found for the Northern
map. Within the SL FOV, the S ridge is the region in which
ERE emission is strongest (Witt & Malin 1989; Pilleri 2010),
indicating a link between 6.0 µm emission and ERE. The SL
northern map (Peeters et al. 2017) is an area of weak ERE
emission (Witt & Malin 1989) and a 6.0 µm feature is found
only in a very small region.
A second broader band centred at 8.0 µm is seen in lab-
oratory spectra of GO and is attributed to C-O-C epoxy
group(s) (Krishnamoorthy et al. 2013). Although not clas-
sified as a formal PAH band in the decomposition of
NGC 2023 spectra by Peeters et al. (2017) (their figure
2) a fairly broad feature in NGC 2023 is seen and termed
the 8 µm ‘bump’. This ‘bump’ is not the same as the wide
8.0 µm Spitzer IRAC filter which covers the 6.2, 7.7 and
8.6 µm PAHs. Rather the ‘bump’ resembles a PAH-type
band, though broader. Given that the spatial distribution
of the ‘bump’ is very similar to the G6.0 band, a related ori-
gin for these two bands is suggested. In future work it would
be of interest to compare the G6.0 and 8.0 µm ‘bump’ in-
tensities with ERE strength along sections in NGC 2023,
NGC 7023 and other extended objects. Laboratory IR ab-
sorption by hydroxyl groups of GO has been reported near
2.9 µm (Bagri et al. 2010) but it is much broader than other
features and might be difficult to detect if present in the
proposed astronomical GO; there is no evidence for such
an emission feature in ISO spectra of the Red Rectangle.
In summary it is found that IR emission from the special
sub-group of oxygenated PAH structures (GO) supports the
attribution of ERE to GO.
Pilleri (2010) has shown that along sections taken or-
thogonal to ridges in NGC 2023 and NGC 7023, ERE peaks
at the interface of neutral PAH and Very Small Grain (VSG)
emission where VSGs with typical size of about 500 carbon
atoms are being evaporated to form PAHs - as discussed by
Cesarsky et al. (2000), Berne´ et al. (2007) and Croiset et al.
(2016). This suggests that the GO particle size falls roughly
in the same range as the well-studied PAHs. In the context
of this proposal VSGs could include multilayer graphite ox-
ide grains which split into individual GO layers on becoming
separated by exposure to UV, shocks etc.
4 FURTHER COMMENTS
Laboratory studies show that luminescence of GO occurs
when it is excited with visible light (Gokus et al. 2009).
This might be considered inconsistent with the astrophysi-
cal constraint that UV irradiation is a prerequisite for ERE
emission (Smith & Witt 2002; Witt 2014). However, if the
formation of GO in astrophysical environments results from
decomposition of multi-layered graphite oxide under UV ir-
radiation, the need for UV would be satisfied. A second pos-
sibility is that GO formation depends on creation of radical
sites e.g. through photo-removal of H from PAH structures,
MNRAS 000, 1–5 (2019)
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and replacement by O to form carbonyl or epoxy groups.
The principle of a two-step process has been invoked for
other proposed ERE carriers (Witt et al. 2006; Rhee et al.
2007).
The attribution of ERE to GO can be tested by labora-
tory experiments on GO nanoparticles in which the degree
of oxidation is controlled, the temperature of the sample
varied and broad-band excitation is employed. In the Red
Rectangle the peak wavelength is reported to change from
∼ 755 nm about 2′′ South of HD 44179 (Rouan et al. 1995;
Ledoux et al. 2001) to ∼ 670 nm 6′′ South and 645 nm 10′′
South (Witt & Boroson 1990). While this might be due to
a compositional change in the carrier, it is important to de-
termine the effect of temperature and particle size on GO
nanoparticle emission.
If confirmed, the presence of GO nanoparticles could
have implications in other areas of astrochemistry. In the
Red Rectangle a set of unidentified molecular emission fea-
tures (Schmidt et al. 1980), sits atop the ERE feature, the
carriers of which have been suggested to be decomposition
products of the ERE-emitting material (Schmidt & Witt
1991). Could oxygen-containing PAHs and related large car-
bonaceous molecules be the carriers of these Red Rectangle
bands which are very strong near 5,800 A˚ and 6,600 A˚?
These would be large organic ‘dye’ molecules in a chemical
sense (Sarre 2006). An association of these emission bands
with a subset of diffuse interstellar band carriers has been
suggested (Sarre 1991; Fossey 1991; Sarre et al. 1995).
Other areas worthy of examination include (i) a known
laboratory emission feature of GO near 400 nm which orig-
inates in sp2 graphitic islands and which might contribute
to astronomical ‘Blue Luminescence’ (Vijh et al. 2005), (ii)
any contribution of GO to, and variation in, the 2175 A˚ in-
terstellar absorption feature and (iii) the ‘missing oxygen’
problem. Catalytic reactions of atoms and molecules on GO
surfaces could also be investigated.
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